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Effects of organophosphorous pesticide, dimethoate on blue mussels, Mytilus edulis using selected biomarkers have
been studied. Mussels were exposed to serial dilutions of dimethoate, 7.88, 15.75, 31.35, and 63.00 µg/l including positive
and negative controls for 14 days. The suppression effects of dimethoate on phagocytic activity significantly occurred at
two lowest concentrations of dimethoate (7.88 and 15.75 µg/l), but stimulation effects significantly emerged at the following
highest concentrations (31.35 and 63.00 µg/l). The declining tendency of the cholinesterase (ChE) activity (23% lower
than the control) appeared when mussels exposed to 7.88 and 15.75 µg/l dimethoate. Moreover, the significant inhibition
of the ChE activity occurred at 31.35 µg/l dimethoate exposure. This study suggested that the phagocytic and the ChE
activity are useful biomarkers for assessing the affects of organophosporous pesticide, dimethoate on neuro-immune
system of blue mussels, M. edulis.
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INTRODUCTION
Organophosphorus (OP) pesticides are extensively used
in broad applications to replace persistence organochlorine
pesticide due to the fast degradation rate and hence less
persistence in any environmental compartment (Lartiges &
Garrigues 1995; Floesser-Mueller & Schwack 2001). In spite
of the fact that these compounds are much more unstable
than organochlorine in the environment, their persistence
toxicity on biota may leads to damage ecosystem (Gaglani &
Bocquene 2000). Accordingly, the biological response
characterization of biota that exposed to pesticide is an
important step toward the evaluation of the risks. It is due to
most of modern OPs compounds are deliberately synthesized
to inhibit an important enzyme of nervous system, i.e.
acetylcholinesterase (AChE) of target organisms (Galloway
& Handy 2003). This enzyme plays a significant role on
preventing an accumulation of a neurotransmitter compound,
acetylcholine (ACh) at cholinergic synapses by hydrolyzing
the compound.  Consequently, the inactivation of AChE leads
to the accumulation of ACh at the synaptic cleft, which
ultimately blocks the transmission of nerve impulses (Lund et
al.  2000).  The inhibition effect of these pesticides on AChE
was considered an irreversible effect, because the time needed
to synthesis de novo of this enzyme is longer than the time of
dissociation of the OP-AChE complex (Gaglani & Bocquene
2000; Hyne & Maher 2003).  Likewise, the wastes of routine
wide-spectrum of OP applications may cause adverse effects
on non-target organisms significantly, which are raging from
terrestrial to aquatic organisms (Fulton & Key 2001).
OP compounds not only inhibit cholinesterase (ChE)
activity, but also interfere immune system of organisms
(Banerjee et al. 1998; Galloway & Handy 2003). These
insecticides are reactive and labile that can directly damage
cell membranes, protein and DNA (Videira et al. 2001; Pena-
Llopis 2005). They can also reduce vertebrate ability to make
either humoral immune or cytotic T lymphocyte responses
(Voccia et al. 1999). OP insecticides were used to control
mosquito in coastal area have been detected inducing
phagacytosis activity of lobster in laboratory resulting in
decreasing of lobster immune capability against virus (De
Guise et al. 2004).  Moreover, Anees (1978) showed that OP
pesticides like dimethoate were able to reduce erythrocyte
densities and hemoglobin and color index of freshwater fish
(Channa punctatus) indicating that the pesticide brought
about an effect similar to the production of anemia.  Hatching
rate of characid fish (Prochilodus lineatus) eggs and the
hatched larvae mobility were disrupted by low concentrations
of pesticide containing 40% of dimethoate (Campagna et al.
2006).
Dimethoate is an organophosphorus pesticide that is
known as an AChE inhibitor. Despite the main use of the
pesticide is in the up land, the occurrence of this pesticide
was detected in the shore of Mediterranean Sea up to the
level of 39.9 µg/l (Hernandes et al. 1993). There are many
experimental studies have been conducted to test the toxicity
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of dimethoate using freshwater organisms. In contrast, very
few studies have been conducted to recognize the toxicity of
dimethoate on marine organisms. Some acute toxicity tests
using marine mussels (Mytilus edulis) (Serrano et al. 1999)
and estuarine organism mysid (Americamysis bahia) (Roast
et al. 1999) failed to show appreciable effects of dimethoate
using the lethality as an endpoint. Nevertheless, inhibitions
of ChE activity have been detected on freshwater fishes,
Poecilia reticulata (Frasco & Guilhermino 2002) and common
carp (Cyprinus carpio) (De Mel & Pathiratne 2005) exposed
to sublethal concentrations in the chronic test. Besides, Perret
et al. (1996) reported that dimethoate caused the inhibition of
ChE activity of freshwater zebra mussel (Dresissena
polymorpha Pallas).
Biomarkers and marine mussels have been employed as
useful tools for risk assessment of chemical compounds that
are discharged in marine ecosystem (Cajaraville et al. 2000;
Livingstone et al. 2000; Dizer et al. 2001a) as these mussels
have a strong capacity for bioconcentration of xenobiotic
(Amiard et al. 2000).  In fact, M. edulis has been well studied
as a sentinel organism to assess the effects of some OP
pesticide pollutants using ChE activity assay (Galloway et al.
2002; Rickwood & Galloway 2004; Brown et al. 2004) and to
detect the potential immune suppression of some heavy metals
and other pollutants in marine ecosystem using phagocytic
activity (Pipe et al. 1999; Galloway & Depledge 2000).
Notwithstanding, there is a scarcity of scientific data of
dimethoate effects on M. edulis neuro-immune system to
provide a basic knowledge of risk assessment of this pesticide
in marine ecosystem. Hence, the studies to assess the effects
of dimethoate on neuro-immune response of M. edulis using
ChE and phagocytic activity assay as biomarkers are of
interest. The objective of this current study was then to test the
chronic effects of dimethoate on neuro-immune system of marine
mussel, M. edulis using ChE and phagocytic activity assay.
MATERIALS  AND  METHODS
Chemical and Animal Preparation. The chemicals used
in this study were purchased from Sigma (Germany), unless
otherwise stated.
Marine mussels, M. edulis were collected from Sylt Island,
Germany. The length of the mussels was 6-7 cm. The animals
were acclimated to the laboratory temperature of 5 + 1 oC and
kept for two weeks in artificial seawater (ASW) (Tropic
Marine® in distilled water) with salinity 3% prior to the
experiment. Thereafter, the mussels were transferred to 4 l of
ASW in glass aquarium following dimethoate (PESTANAL®,
analytical standard (Riedel-de Haën)) exposure.
In Vivo Test. The in vivo study was conducted for
14 days by changing ASW every 3 days at room temperature
of 5 + 1 oC.  Adjustment of the AWS pH (pH 7) was performed
prior to the medium replacement to ensure the stability of the
used pesticide. Eight mussels were placed into 4 l of ASW
and dosed with dissolved dimethoate in methanol to final
concentrations of 0.00, 7.88, 15.75, 31.50, and 63.00 µg/l,
including positive control. The setup of the serial dilutions of
dimethoate was referred to the concentration of which revealed
an inhibition effect on ChE activity of aquatic vertebrate,
Poecilia reticulata (Frasco & Guilhermino 2002). The serial
nominal concentrations covered also a realistic occurrence of
the pesticide in the seawaters (Hernandes et al. 1993).
Furthermore, a renewal of the contaminant was performed
along with the renewal of the media. Mussels were fed per
day by using 1 ml of commercial algae Kroonaqa® Aquatim
consisting of Nannochloropsis acculata, Isochrysis galbana,
and Tetraselmis suecica. The experiment was carried out in
duplicate.
Cholinesterase Assay. The enzymatic activity was
measured following the Ellman method (Ellman et al. 1961),
but modified for a 96-well plate and microplate reading (Herbert
et al. 1995; Dizer et al. 2002).  Mussels were dissected out and
gill tissue (0.32 + 0.039 g) was homogenized in a Dounce
homogenizer with 2 ml of potassium phosphate buffer
(0.1 M/pH 8.0). The homogenate was centrifuged for 10 minutes
at 10,000 x g and the supernatant was harvested and stored at
-80 oC before analysis of ChE activity and protein content.
The supernatant was diluted in 1:2 of potassium phosphate
buffer (0.1 M/pH 8.0) following the enzyme measurement.
The enzyme measurement was carried out by placing 50 µl
of the diluted sample into each well of the microplate. A blank
was made by putting 50 µl of potassium phosphate buffer
into a blank section of the microplate wells. The plate was
incubated for 5 minutes in 25 oC with 200 µl of 0.75 mM
5,5’-Dithio-bis-(-2-Nitrobenzoic acid) prior to the reaction
started by an addition of 50 µl of 3 mM Acethylthiocholine
iodide. Accordingly, the plate was read by using a
spectrophotometer for microtiter plate (Spectra Thermo
TECAN) in an interval of 30 s for 5 min at 405 nm. Four
independent measurements of ChE activity were carried out
for each individual of M. edulis, and the average activity was
calculated.
A protein content measurement was carried out by diluting
the gill extract 1:10 with distilled water. It was measured
previously by placing 10 µl of the diluted extract and 10 µl of
serial dilutions of γ-globuline protein standard into separate
well sections of the microplate. A blank was made by placing
10 µl of distilled water into a blank section of the microplate.
After the addition of 5% Bradford-reagent solution (200 µl)
into the microplate wells, the samples were left in room
temperature for 20 minutes to allow color development.
Furthermore, the absorbance was red at 620 nm using the
spectrophotometer (Spectra Thermo TECAN).
Finally, AChE activity is expressed as nmoles of product
developed per minute per mg of protein (nmol/min/mg protein).
Phagocytosis Assay. Phagocytic activity of hemocytes was
determined by a microplate-based fluorescence measurement
method (Hansen 1992; Anderson & Mora 1995).  Briefly, 1 ml
of mussel hemolymph was withdrawn from each posterior
adductor muscle of mussels using 1 ml syringe and 0.4 mm
needle. Subsequently, 100 µl of hemolymph was dropped into
96-microplate well.  Five replicates of wells were used to
analysis phagocytic activity and three replicates were used
for protein analysis. The density of hemocytes from each
mussel was calculated by using hemocytometer under a light
transmission microscope. After the incubation of the plate
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for 30 minutes to allow hemocytes deposition at the bottom
of the microplate well, 25 µl of Fluoresceinisothiocyanate
(FITC)-labeled yeast was added into each phagocytic activity
section of microplate wells. A standard was made by adding
100 µl of phosphate buffer saline (PBS) and 25 µl of standard
section of FITC- labeled yeast into microplate wells.  One
column (8 wells) was used as a blank section by adding 125 µl
of PBS. The plate was incubated for 90 minutes in 21 oC at dark
condition. At the end of the incubation, 25 µl of 0.6 mg/ml
trypan blue dissolved in PBS was added to each well of the
microplate for quenching the fluorescence background of
unphagocytosed cells. The plate was incubated for 20 minutes
prior to the removing of all supernatants. The fluorescence
was red at excitation of 485 nm and an emission of 535 nm
using a fluoro meter for microplate (Dynatech, Fluorolite 1000).
A protein measurement was carried out using hemocytes
only.  Prior to the measurement, hemocytes were lysed with
50 µl of 0.1 N NaOH. After incubating the lysed hemocytes for
10 minutes in a shaking chamber, 10 µl of lysed hemocytes
and protein standard were added to 96-microplate wells.
Accordingly, 200 µl of 5% Bradford-reagent solution was
added into the plate and incubated for 10 minutes to allow
color development. The fluorescence of protein was measured
at 620 nm using the spectrophotometer (Spectra Thermo
TECAN). Finally, phagocytic activity was expressed as
Relative Fluorescence Units (RFU) and calculated as a
Phagocytic Index: RFU/mg hemocyte protein.
Statistical Analysis. Since both the phagocytic and the
ChE activity data did not follow normal distribution, non-
parametric test i.e. Kruskall-Wallis was used to differentiate
the effect of administered dimethoate on the phagocyotosis
and the ChE activity.  Dunn’s Multiple Comparison was used
to recognize the differences among the treatments (Newman
1995).
RESULTS
Phagocytic Activity. The current study showed that both
hemocyte numbers and phagocytic activity of the blue
mussels before treatment were not significantly different
(Figure 1 & 2) which provided a uniform state of the
experiment. The exposure of dimethoate for 14 days to the
animals depicted that the alteration of hemocytes numbers
occurred. Circulating hemocyte density of mussel significantly
increased (P < 0.05) on animals exposed to 31.50 and 63.00 µg/l of
dimethoate (Figure 3), but there was no significant difference
of circulating hemocyte numbers between them. There was a
visible stimulation of circulating hemocytes numbers at 7.88
and 15.75 µg/l of dimethoate. However, because of high
individual variations the statistical analysis could not detect
any stimulation.
The dosed dimethoate to the mussels resulted in
decreasing of phagocytic activity significantly at the
concentrations of 7.88 µg/l and 15.75 µg/l of dimethoate (Figure
4). On the other side, the stimulation of the activity was
significantly occurred at 31.50 µg/l of dimethoate (P < 0.05)
compare to previous levels and persisted significantly at the
same level at 63.00 µg/l of dimethoate (Figure 4).
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Figure 3. Circulating hemocyte density of M. edulis after 14 days of
dimethoate exposure. Data were expressed as median (25
and 75% quartile, 5 and 95% confidence interval). *indicated
the different number of hemocyte from the treatments and
from those observed in the control (P < 0.05).
Cholinesterase Activity. ChE assay was performed on the
mussel gills at the end of the experiment. The results showed
that dimethoate caused a significant effect on ChE activity at
concentrations of 31.50 and 63.00 µg/l (Figure 5). Although,
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Figure 2. Phagocytic activity of M. edulis hemocyte before the
treatment. Data were expressed as median (25 and 75%
quartile, 5 and 95% confidence interval).
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Figure 1. Circulating hemocyte density of M. edulis  before the
treatments. Data were expressed as median (25 and 75%
quartile, 5 and 95% confidence interval).
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there were apparent reductions of the ChE activity about 23%
of the control from the mussels that exposed to dimethoate
at both concentrations of 7.88 and 15.75 µg/l, but due to
high variability between individuals, these were not significant.
On the other hand, significant suppression of the ChE activity
(P < 0.05) occurred at concentrations of 31.50 and 63.00 µg/l
compared to the control. Moreover, the statistical analysis
showed that the different suppression of the ChE activity
between the two treatments was not evidenced (Figure 5).
DISCUSSION
Phagocytic Activity. This study was unable to elucidate
clearly dose-dependent phagocytic activity of M. edulis
hemocytes following 14 days dimethoate exposure.
Nevertheless, the circulating hemocyte numbers at
concentrations just above the control (7.88 and 15.75 µg/l)
demonstrated a tendency of elevation, yet the statistical
analysis justified an undifferentiated numbers of hemocytes
between them. This indicated that dimethoate at low level did
not clearly alter the circulating hemocytes numbers. However,
hemocytes density was significantly stimulated at 31.50 µg/l
of dimethoate, but the following dimethoate treatment
(63.00 µg/l) did not cause an elevation of circulating
hemocytes numbers compared to the previous treatment
(31.50 µg/l). The alteration of hemocyte numbers as responses
to  stressors such as chemical compounds is still debatable
(Sokolova et al. 2004) even a tendency of stimulation under
stress condition was a common response (Pipe et al. 1999).
Some researchers have reported that hemocyte numbers of
bivalve elevated as results of exposures to environmental
stressors (Coles et al. 1994a; Coles et at. 1994b; Pipe et al.
1999; Dizer et al. 2001b; St-Jean et al. 2002), whereas others
have shown that the stressors declined the hemocytes
numbers (Suresh & Mohandas 1990; Dizer et al. 2001a; Auffret
et al. 2002). Undefined response of hemocyte numbers to
environmental stressors may implied that the numbers of
circulating hemocyte do not fundamentally reflect the total
size of the hemocyte population in mussel body which may
alter over short time as result of dynamic association/
dissociation between hemocytes and bivalve tissues (Ford et
al. 1993).  This current study was in accordance with the
common tendency of affected hemocyte numbers under
environmental stressors, which depicted the elevation of
mussel hemocyte numbers when exposed to dimethoate.
Hormetic-like effects of dimethoate existed seemingly at
the concentrations just above the control i.e. 7.88 and
15.75 µg/l, resulted in decreasing of phagocytic activity.
These indicated that dimethoate suppression on the mussels
hemocytes occurred at those concentrations. On the other
hand, stimulated phagocytosis activity reaching the control
level was observed at higher concentrations. The hormetic
pattern of phagocytic activity response following dimethoate
exposure agreed to the pattern of which was observed by
Nicholson (2003) on green mussels, Perna viridis, hemocytes
following copper exposures. The phagocytic activity
decreased at lower concentrations and increased in the next
higher concentrations. It could be related to the numbers of
circulating hemocytes which showed lower levels at lower
contaminants than those at higher contaminants.  Moreover,
as mentioned above that the first two low levels of dimethoate
exposures had the circulating numbers of hemocytes, which
were similar to the control statistically, but the phagocytic
activity at those concentrations demonstrated lower level than
that at the control.  It might be as a result of different type of
hemocytes composing the population of circulating
hemocytes.  Probably, the population of circulating hemocytes
at two lower levels of contaminants consisted of unphagocytic
and/or death cells predominantly due to dimethoate
suppression, whereas the control was dominated by
phagocytic cells that are responsible for the phagocytic
capability.  Accordingly, the phagocytic activity of mussels
in the control was higher than that at the lower levels (7.88
and 15.75 µg/l), although the hemocyte numbers of two
treatments were at the same level statistically. On the other
hand, significant stimulation of hemocyte numbers at the two
highest contaminants (31.50 and 63.00 µg/l) has been not
Figure 4. Phagocytic activity of M. edulis hemocyte after 14 days of
dimethoate exposure. Data were expressed as median (25
and 75% quartile, 5 and 95% confidence interval). *indicated
the different phagocytic activity of mussels among the
treatments (P < 0.05).
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Figure 5. ChE activity of M. edulis gill after 14 days of dimethoate
exposure.  Data were expressed as median (25 and 75%
quartile, 5 and 95% confidence interval). *indicated the
different enzyme activity of the treatments compare to
the control (P < 0.05).
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followed by a distinct stimulation of the phagocytic activity
compared to the control. Again, it might be due to the
unphagocytic and/or death cells composed predominantly
hemocyte population at the two highest dimethoate
concentrations, although the hemocyte numbers of the last
two treatments were at higher level statistically than that of
the control. Consequently, this study revealed that there might
be the hormetic-like effects of dimethoate on hemolymph of
M. edulis, which suppressed the phagocytic activity in the
two lower level exposures, but stimulated it at the two highest
levels. The U-shape hormetic-like effects of chlorfenvinphos
has been observed on ChE activity of hemolymph from M.
edulis when the studied animals exposed to the pesticide for
96 h (Rickwood & Galloway 2004).
In fact, there are functional differences between mussel
hemocyte types (Cheng 1984; Dyrynda et al. 1997; Pipe et al.
1999). The granulocytes are phagocyti cells containing
abundant hydrolytic enzymes, whereas the hyalinocytes have
limited phagocytic ability and lower levels of hydrolytic
enzymes (Carballal et al. 1997). Unfortunately, the microtiter
technique for detecting phagocytic activity, which used in
this recent study, did not involve a differentiation of hemocyte
types so that the exact correlation between proportion of
hemocyte types and the phagocytic activity could not be
conducted.
Cholinesterase Activity. Cholinesterase (ChE) is a generic
term used for a family of released enzymes that hydrolyze
neurotransmitter compound, acetylcholine (ACh), to terminate
nerve impulse transmission. Organophosphorous and
carmabate pesticides are known as potential inhibitors of ChE
activity, which lead to acetylcholine accumulation in the
synaptic cleft. The accumulation of ACh causes nerve
exhaustion and consequently a failure of the nervous system.
Hereafter, when organisms are exposed to the two types of
pesticides at the critical level of concentrations and time of
exposures, they will undergo a range of deleterious effects,
which may result in paralysis or death. Therefore, it has been
hypothesized that inhibition of ChE activity could be
potentially used as an indicator of environmental stress
(Bocquene et al. 1990) and this activity is a good example of
use of a biomarker of effect arising from the presence of
pesticides (Galgani & Bocquene 2000).
By using serial dilutions of dimethoate concentrations from
7.88 to 63.00 µg/l, this current study demonstrated that the
effects of dimethoate on the ChE activity of blue mussels
were dose-dependent. The results depicted that the declined
ChE activity occurred at concentrations just above the control.
The decrease was 23% compare to the control on mussel that
exposed to dimethoate at two concentrations, 7.88 and
15.75 µg/l of dimethoate. However, these suppressions were
not significant difference to the control due to high variability
responses among individuals of mussels (Figure 5). In
laboratory condition, it is broadly accepted that a > 20%
decrease in ChE activity indicates exposure to OP pesticides
in different species (Ludke et al. 1975; Bayers & Sikoski 1994).
Coppage (1972) also suggested that inhibition of the ChE
activity from brain of fish in the range of 20 to 70% indicating
organophosphorous exposures. Moreover, Horsberg et al.
(1989) reported that the dead salmon concerning trichlorfon
and dichlorvos exposures showed inhibitions of 80% in
the ChE activity. By considering the criteria and the
statistical consideration, it might be suggested that
dimethoate at low concentrations (7.88 and 15.75 µg/l) has
already showed a potential inhibition of the ChE activity in
the mussel gills.
The significant inhibition of the ChE activity clearly
occurred when mussel exposed to 31.50 µg/l of dimethoate,
decreasing 47% of the ChE activity compared to the control.
The percentage of the inhibition tended to be increase (48%)
when mussels were exposed to 63.00 µg/l of dimethoate.
Therefore, these results suggested that the threshold of
dimethoate inhibition to the ChE activity in mussel gills was
below the concentration of 31.50 µg/l.
The significant inhibition of ChE activity exposed to the
two highest concentrations of dimethoate provides an
appreciable explanation to avoid immature justifications
concerning the stimulation of the phagocytic activity at the
two highest concentrations. The dimethoate stimulated the
phagocytic activity occurred at the two highest concentrations
tempted to suggest that those were the sign of the recovery
of the mussel immune system in light of phagocytic activity
after exposured to the highest concentrations. Instead of
following dose-dependent response curve, the pattern of
dimethoate effect on the phagocytic activity which depicted
the decreas of the phagocytic activity at lowest
concentrations and the stimulation at the highest
concentrations agreed with U-shaped hormetic dose-response
pattern which proposed by Teeguarden et al. (1998) and
Calabrese and Baldwin (2001).  In terms of U-Shaped hormesis
paradigm, the biphasic pattern figured out an over-
compensation response of mussel hemocytes to overcome
the severe damages caused by over-exposures of dimethoate
at the two highest concentrations through enhancing the
phagocytic activity. The severe damages were evidenced by
the significant inhibitions of the ChE activity at the two highest
concentrations. Consequently, by taking into account the
inhibition of the ChE activity as a disruption of mussels health,
which can reflect to other health parameters including
phagocytic activity, it could be suggested that the enhancing
of phagocyitosis activity indicated continuing deleterious
effects of the mussels health rather than the improving of the
mussels fitness. Accordingly, the significant decrease of the
phagocytic activity caused by dimethoate at the two lowest
concentrations could be proposed as initial damages of
dimethoate disruption followed by severe damages when
mussels were exposed to the higher concentrations. The
hypothesis of the initial damages was probably also
strengthened by the fact that the inhibition of the ChE activity
of the mussel gills about  23% compare to the control when
mussels were exposed to dimethoate at the lowest level
concentration. Therefore, it could be suggested that the
threshold of dimethoate effects on the phagocyotis and the
ChE activity of the mussels was probably taken place at
concentration below 31.50 µg/l.
Finally, the results showed that the selected biomarkers
were useful tools for detecting the effects of dimethoate on
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neuro-immune of blue mussels in the laboratory scale as far
as the hormetic dose-response paradigm was considered
along with the dose-dependent response paradigm. This
paradigm provide a worthy outlook to move forward
scientifically from a traditional dose-dependent to others
realistic phenomena which appear in the laboratory
experiments commonly (Calabrese & Baldwin 2003).
ACKNOWLEDGEMENT
This study was supported by DAAD (Deutscher
Akademischer Austausch Dients/German Academic Exchange
Service). The authors wish to thank Eckehard Unruh and Birgit
Fischer from Technical University of Berlin for the
constructive advices and Birgit Hüssel from Alfred Wagner
Institute for the organization of blue mussel, M. edulis.
REFERENCES
Amiard J-C, Caquet Th,  Lagadic L. 2000. Biomarkers as tool for
environmental quality assessment. In: Lagadic L, Caquet Th, Amiard
J-C, Ramade F (eds). Use of Biomarkers for Quality Assessment.
USA: Science Publ, Inc. p xvii-xxvi.
Anderson RS, Mora LM. 1995. Phagocytosis: a microtiter plate assay.
In: Stolen JS, Fletcher TC, Smith SA, Zelikoff JT, Kaattari SL,
Anderson RS, Söderhäll K, Weeks-Perkins BA (eds). Techniques in
Fish Immunology-4 Immunology and Pathology of Aquatic
Invertebrates. New York: SOS Publ. p 109-112.
Anees MA. 1978. Haematological abnormalities in a fresh-water teleost
Channa punctatus (Bloch) exposed to sublethal and chronic levels
of three organophosphorus insecticides. Inter J Ecol Environ Sci
4:53-60.
Auffret M, Mujdzic N, Corporeau C, Moraga D. 2002. Xenobiotic-
induced immunomodulation in European flat oyster, Ostrea edulis.
Mar Environ Res 54:585-598.
Banerjee BD, Pasha ST, Hussain QZ, Koner BC, Ray A. 1998. A
comparative evaluation of immunotoxicity of malathion after
subchronic exposure in experimental animals. Indian J Exp Biol
36:273-282.
Bayers DW, Sikoski PJ. 1994. Acethylcholinesterase inhibition in
federally endangered colorado squafish exposed to carbaryl and
malathion. Environ Toxicol Chem 13:935-939.
Bocquene G, Gaglani F, Truquet P. 1990. Characterization and assay
condition for use of AChE activity from several marine species in
pollution monitoring. Mar Environ Res 30:75-89.
Brown M, Davies IM, Moffat CF, Redshaw J, Craft JA. 2004.
Characteristic of choline esterases and their tissue and subcellular
distribution in mussel (Mytilus edulis). Mar Environ Res 57:155-
169.
Cajaraville MP et al. 2000. The use of biomarkers to assess the impact
of pollution in coastal environments of the Iberian Peninsula: a
practical approach. Sci Total Environ 247:295-311.
Calabrese EJ, Baldwin LA. 2001. U-Shaped dose-response in biology,
toxicology, and public health. Annu Rev Public Health 22:15-33.
Calabrese EJ, Baldwin LA. 2003. The hormetic dose-response model
is more common than the threshold model in toxicology. Toxicol
Sci 71:246-250.
Campagna AF et al. 2006. Dimethoate 40% organophosphorous
pesticide toxicity in Prochilodus lineatus (Prochilodontidae,
characiformes) eggs and larvae. Braz J Biol 66:633-640.
Carballal MJ, Lopez C, Azevedo C, Villalba A. 1997. In vitro study of
phagocytosis abaility of Mytilus galloprovincialis Lmk.
Haemocytes. Fish Shellfish Immun 7:403-416.
Cheng TC. 1984. A classification of Molluscan hemocytes based on
functional evidences. In: Cheng TC (ed). Comparative
Photobiology Invertebrate Blood Cells & Serum Factors. New
York: Plenum Pr. p 111-146.
Coles JA, Farley SR, Pipe RK. 1994a. Alteration of the immune
response of the common marine mussel Mytilus edulis resulting of
exposure to cadmium. Dis Aquat Organism 22:59-65.
Coles JA, Farley SR, Pipe RK. 1994b. Effects of fluoranthene on the
immunocompetence of the common marine mussel, Mytilus edulis.
Aquat Toxicol 30:367-379.
Coppage DL. 1972. Organophospahte pesticides: specific level of
brain AChE inhibition related to death in sheepshead minnows.
Trans Am Fish Soc 101:534-536.
De Guise S, Maratea J, Perkins C. 2004. Malathion immunotoxicity in
the American lobster (Homarus americanus) upon experimental
expousre. Aquat Toxicol 66:419-425.
De Mel GWJLMTM, Pathiratne A. 2005. Toxicity assessment of
insecticides commonly used in rice pest management to the fry of
common carp, Cyprinus carpio, a food fish culturable in rice fields.
J Appl Ichthyol 21:146-150.
Dizer H, da Silva de Assis HC, Hansen P-D. 2001a. Cholinesterase
activity as bioindicator for monitoring marine pollution in the
Baltic Sea and the Mediterranean Sea. In: Garrigues P, Barth H,
Walker CH, Narbone (eds). Biomarker in Marine Organisms: A
Practical Approach. Amsterdams: Elsevier Sci. p 331-342.
Dizer H, Fischer B, Harabawy ASA, Hennion M-C, Hansen P-D. 2001b.
Toxicity of domoic acid in the marine mussel Mytilus edulis. Aquat
Toxicol 55:149-156.
Dizer H, Wittenkindt E, Fischer B, Hansen P-D.  2002.  The cytotoxic
and genotoxic potential of surface water and wastewater effluents
as determined by bioluminescence, umu-assay and selected
biomakers. Chemosphere 46:225-233.
Dyrynda EA, Pipe RK, Ratcliffe NA. 1997. Sub-population of
haemocytes in the adult and developing marine mussel, Mytilus
edulis, identified by use of monoclonal antibodies. Cell Tissue Res
289:527-536.
Ellman GL, Courtney KD, Andres VJr, Featherstone RM. 1961. A new
and rapid colorimetric determination of acetylcholinesterase
activity. Biochem Pharmocol 7:88-95.
Floesser-Mueller H, Schwack W. 2001. Photochemistry of
organophosphorus insecticides.  Rev Environ Contam Toxicol
172:129-228.
Ford SE, Kanaley SS, Littlewood DTJ. 1993. Celluar response of oyster
infected with Haplosporidium nelsoni, change in circulating and
tissue-infiltrating hemocytes. J Invert Phatol 61:49-57.
Frasco MF, Guilhermino L. 2002. Effects of dimethoate and beta-
naphthoflavone on selected biomarkers of Poecilia reticulate.
Fish Physiol Biochem 26:149-156.
Fulton MH, Key PB. 2001. Acetylcholinesterase inhibition in estuarine
fish and invertebrates as indicator of organophosphorus insecticides
exposure and effects. Environ Toxicol Chem 20:37-45.
Gaglani F, Bocquene G. 2000. Molecular biomarkers of exposure of
marine organisms to organophosphorus pesticide and carbamates.
In: Lagadic L, Caquet Th, Amiard J-C, Ramade F (eds). Use of
Biomarkers for Environmental Quality Assessment. USA: Science
Publ, Inc. p 113-137.
Galloway TS, Depledge MH. 2000. Immunotoxicity in ivertebrate:
measurement and ecotoxicological relevance. Ecotoxicology 10:5-
23.
Galloway TS, Handy R. 2003. Immunotoxicity of organophosphous
pesticide. Ecotoxicology 12:345-363.
Galloway TS, Millward N, Browne MA, Depledge MH. 2002. Rapid
assessment of organophosphorous/carbamate exposure in the
bivalve mollusc Mytilus edulis using combined esterase activities
as biomarkers. Aquat Toxicol 61:169-180.
Hansen P-D. 1992. Phagocytosis in Mytilus edulis, a system for
understanding the sublethal effects of anthrophogenic pollutants
(xenobiotic) and the use of AOX as an integrating parameter for
the study of the equilibrium between chlorinated hydrocarbons in
Dreissena polymorpha following long term exposures. Limnol
aktuell 4:171-184.
Herbert A, Guilhemino L, de Asis HCS, Hansen P-D. 1995.
Acetylcholinesterase activity in aquatic organisms as pollution
biomarker. Z Angewandte Zoo 3:1-15.
Vol. 15, 2008                            SELECTED BIOMARKERS IN MARINE MUSSEL EXPOSED TO DIMETHOATE
     
37
Hernandes F, Serrano R, Beltran J. 1993. Monitoring of pesticide
residues in surface waters from the Comunidad Valenciana. Research
agreement between Conselleria de Agricultura Pesca (Generalitat
Valenciana) and the Universitat Jaume I. Internal Report.
Horsberg TE, Hoey T, Nafstad I. 1989. Organophosphate poisoning
of Atlantic salmon in connection with against salmon lice. Acta
Vet Scand 30:385-390.
Hyne RV, Maher WA. 2003. Invertebrate biomarkers: links to toxicities
that predict population decline. Ecotoxicol Environ Saf 54:336-374.
Lartiges SB, Garrigues PP. 1995. Degradation kinetics of
organophosphorus and organonitrigen pesticides in different waters
under various environmental conditions. Environ Sci Technol
29:1246-1254.
Livingstone DR et al. 2000. Development of biomarkers to detect the
effects of organic pollution on aquatic invertebrate: recent
molecular, genotoxic, cellular, and immunological studies on the
common mussel (Mytilus edulis L.) and other mytilids. Int J Environ
Pollut 13:56-91.
Ludke JL, Hill EF, Dieter MP. 1975. Cholinesterase (ChE) response
and related mortality among birds fed ChE inhibitors. Arch Environ
Contam Toxicol 3:1-21.
Lund SA, Fulton MH, Key PB. 2000. The sensitivity of grass shrimp,
Palaemonetes pugio, embryos to organophosphate pesticide
induced acetylcholinesterase inhibition. Aquat Toxicol 48:127-134.
Newman MC. 1995. Quantitative Methods in Aquatic Ecotoxicology.
Florida: Lewis Publ.
Nicholson S. 2003. Lysosomal membrane stability, phagocytosis and
tolerance to emersion in the mussel Perna viridis (Bivalvia:
Mytilidae) following exposure to acute, sublethal, copper.
Chemosphere 52:1147-1511.
Pena-Llopis S. 2005. Antioxidants as potentially safe antidotes for
organophosphorus poisoning. Curr Enzyme Inhib 1:147-156.
Perret M-C, Gerdeau D, Rivere J-L. 1996. Use of esterase activities of
the zebra mussel (Dresissena polymorpha pallas) as a biomarker
of organophosphate and carbamate pesticides contamination.
Environ Toxicol Water Qual 11:307-312.
Pipe RK, Coles JA, Carrisan FMM, Ramanathan K. 1999. Copper
induced immunomodulation in the marine mussel, Mytilus edulis.
Aquat Toxicol 46:43-54.
Rickwood CJ, Galloway TS. 2004. Acetylcholinesterase inhibition
as a biomarker of adverse effect: a study of Mytilus edulis exposed
to the priority pollutant chlorfenvinphos. Aquat Toxicol 67:45-
56 .
Roast SD, Thompson RS, Donkin P, Widdow J, Jones MB. 1999.
Toxicity of the organophosphate pesticides chlorpyrifos and
dimethoate to neomysis integer (Crustacea: Mysidacea). Water
Resour 33:319-326.
Serrano R, Hernandez F, Pena J, Dosda V, Canalles J. 1999. Toxicity
and bioconcentration of selected organophosphorus pesticides in
Mytilus galloprovincialis and Venus gallina. Arch Environ Contam
Toxicol 29:284-290.
Sokolova IM, Evans S, Hughes FM. 2004. Cadmium-induced apoptosis
in oyster hemocytes involve disturbance of cellular energy balance
but no mitochondrial permeability transition. J Exp Biol 207:3369-
3380.
St-Jean SD, Pelletier É, Courtenay SC. 2002. Hemocyte functions and
bacterial clearance affected in vivo by TBT and DBT in the blue
mussel Mytilus edulis. Mar Ecol Prog Ser 236:163-178.
Suresh K, Mohandas A. 1990. Effect of sublethal concentrations of
copper on hemocyte number in bivalves. J Invertebrate Pathol.
55:325-321.
Teeguarden JG, Dragan YP, Pitot HC. 1998. Implication of hormesis
on the bioassay and hazard assessment of chemical carcinogens.
Hum Exp Toxicol 17:254-258.
Videira RA, Antunes-maseira MC, Lopes V, Madeira V. 2001. Changes
induced by malathion,  methylparathion and parathion on
membrane l ipid physiochemical properties corrolate with
their toxicity. Biochem Biophys Acta-Biomembranes 1511:368-
360.
Voccia I, Blakley B, Brousseau P, Fournier M. 1999. Immunotoxicity
of pesticides: a review. Toxicol Ind Health 15:119-132.
38     YAQIN  ET AL.                                                                                                                                                                HAYATI J Biosci
